Angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2) belong to a novel family of endothelial growth factors that function as ligands for the endothelial-specific receptor tyrosine kinase, Tie-2. Ang-1 reduces endothelial permeability of noncerebral vessels and has a major role in vascular stabilization and maturation, whereas Ang-2 is thought to be an endogenous antagonist of the action of Ang-1 at Tie-2. Expression of these ligands at the mRNA and protein level were studied during both blood-brain barrier (BBB) breakdown and cerebral angiogenesis occurring in the rat cortical cold-injury model by RT-PCR analysis and immunohistochemistry respectively, during a time course of 6 hours to 6 days. In addition, immunohistochemical detection of fibronectin was used to detect BBB breakdown at the lesion site and dual labeling was used to determine whether the vessels demonstrating BBB breakdown expressed endothelial Ang-1 or Ang-2. Endothelial Ang-1 and Tie-2 proteins were present in all cerebral vessels of normal brain including those of the choroid plexuses, whereas both these proteins as well as Ang-2 were present in choroid plexus epithelium and in ependymal cells, suggesting that angiopoietins have an autocrine effect on these cell types as well. In contrast, in the early phase after injury during the known period of BBB breakdown, increased Ang-2 mRNA and protein and decreased endothelial Ang-1 and Tie-2 proteins were observed. Two to 6 days after injury, the progressive increase in Ang-1 mRNA and protein and the decrease in Ang-2 coincided with cerebrovascular angiogenesis. Confocal microscopy showed colocalization of both Ang-1 and Ang-2 in endothelium of lesion vessels, and our observation of colocalization of Ang-1 and Ang-2 in polymorphonuclear leukocytes and macrophages has not been reported previously. This study demonstrates that Ang-1 is an important factor in maintaining normal homeostasis in the brain. Thus Ang-1 therapy may have therapeutic potential in reducing BBB breakdown and the ensuing edema after massive brain injury. (Lab Invest 2003, 83:1211-1222.
A
ngiopoietins are a family of glycoproteins that play a major role in the development and integrity of blood vessels Maisonpierre et al, 1997; Suri et al, 1996) . Angiopoietin-1 (Ang-1) is a 498-amino acid glycoprotein, the gene for which has been localized to chromosome 8q22.3-q23 (Cheung et al, 1998; Grosios et al, 1999) . Angiopoietin-2 (Ang-2) is a 496-amino acid glycoprotein with 60% homology with Ang-1, and its gene is located on chromosome 8p23.1 (Cheung et al, 1998; Grosios et al, 1999) . Although both Ang-1 and Ang-2 bind to the Tie-2 receptor, which is ubiquitously expressed in vascular endothelium (Wong et al, 1997) , they mediate different effects on binding to this receptor. Binding of Ang-1 to Tie-2 causes its phosphorylation and promotes vascular maturation and quiescence by inducing association of endothelium with periendothelial supporting cells (Audero et al, 2001; Davis et al, 1996; Suri et al, 1996) . Ang-2 does not phosphorylate Tie-2 but is a putative natural antagonist of Ang-1, causing vascular remodeling by counteracting the blood vessel maturation/stabilization mediated by Ang-1 (Maisonpierre et al, 1997) . Ang-1 and Ang-2 have other reciprocal effects. As an example, Ang-1 has an antiapoptotic effect on endothelial cells through the Akt/survivin/PI-3' kinase pathway (Hayes et al, 1999; Kwak et al, 1999; Papapetropoulos et al, 2000) , whereas Ang-2 is thought to promote apoptosis because it is detected just before the onset of apoptosis in vascular cells (Cohen et al, 2001; Zagzag et al, 2000) .
Ang-1 and Tie-2 knockouts display defects in remodeling and integrity of the primitive vascular plexus, leading to embryonic lethality (Patan, 1998; Suri et al, 1996) . Transgenic overexpression of Ang-1 induces leakage resistance in blood vessels (Thurston, 2002; Thurston et al, 1999) and increased vascularization (Suri et al, 1998) . The phenotype of transgenic Ang-2 overexpression is similar to the Ang-1 and Tie-2 knockouts, involving severe disruptions in vascular development (Maisonpierre et al, 1997) . Thus, angiopoietin signaling seems to be indispensable for normal vascular development and homeostasis.
Brain injury is associated with both blood-brain barrier (BBB) breakdown and angiogenesis (Nag, 2002) . It is conceivable that Ang-1 maintains BBB integrity, because it induces a leakage-resistance phenotype in peripheral vessels (Thurston et al, 1999) , whereas Ang-2 may be involved in BBB breakdown and cerebrovascular angiogenesis after injury, because it has been implicated in peripheral vascular remodeling and angiogenesis (Cohen et al, 2001; Goede et al, 1998) . Although Ang-1 mRNA has been localized in normal human (Hashimoto et al, 2001 ) and rat (Mandriota et al, 2000) brain and up-regulation of angiopoietins are known to occur in neoplastic cerebral angiogenesis (Audero et al, 2001; Stratmann et al, 1998; Zagzag et al, 1999) , little is known about their role during BBB breakdown and nonneoplastic cerebral angiogenesis.
This study characterizes Ang-1, Ang-2, and Tie-2 mRNA and protein expression in cerebral vessels of normal rat brain and in the rat cortical cold-injury model during a period of 6 hours to 6 days. Our previous studies have established the time course of BBB breakdown and angiogenesis in the rat cortical cold-injury model, making it a suitable model for studies of angiopoietin expression during both these processes (Nag, 1996; Nag et al, 2001 Nag et al, , 2002 . Ang-1, Ang-2, and Tie-2 mRNA were detected by RT-PCR, whereas their proteins were localized using immunohistochemistry. Immunohistochemical detection of fibronectin was used as a marker of BBB breakdown, and dual labeling was used to detect whether vessels demonstrating BBB breakdown to protein showed endothelial Ang-1 or Ang-2 protein. Colocalization of Ang-1 and Ang-2 in brain was also studied by dual labeling for both these proteins.
Results

Morphology of the Cold Lesion
The morphology of the cortical cold lesion at the different time points was similar to our previous findings (Nag, 1996; Nag et al, 2001 Nag et al, , 2002 . At 6 hours, a central area of coagulative necrosis extended from the pial surface into the fourth cortical layer at the lesion site. Neurons in this area showed nuclear pyknosis and shrunken cytoplasm and neuronal loss was present in all rats killed at Day 2. The onset of angiogenesis was marked by an increase in the number of endothelial cells around preexisting vessels. At Day 4, profiles of neovessels were interspersed among the endothelial cells. At Day 6, neovessels were present throughout the lesion. The time course of the inflammatory response was consistent with an initial polymorphonuclear leukocyte (PMN) response being detected as early as 6 hours followed by a macrophage response, which was prominent along the margins of the lesion and peaked at Day 4.
Expression of Ang-1, Ang-2, and Tie-2 mRNA Baseline Ang-1, Ang-2, and Tie-2 expression was detected in the brain cortex of control rats (Fig. 1 , A to C). At 6 hours, Ang-1 mRNA was not significantly altered as compared with values of control rats, whereas Ang-2 mRNA increased by 7.0 Ϯ 2.4-fold (p Ͻ 0.005) (Fig. 1, B and C) . Thereafter, Ang-1 mRNA in the lesion area showed a progressive increase, whereas Ang-2 mRNA displayed a progressive decrease. At Day 6, Ang-1 mRNA expression increased to 3.5 Ϯ 0.8-fold (p Ͻ 0.001) relative to control levels, whereas Ang-2 mRNA expression was similar to that of control rats (Fig. 1, A to C) . Tie-2 mRNA expression remained constant throughout the time course (Fig. 1A) .
Localization of Ang-1, Ang-2, and Tie-2 Proteins Control Rats. Marked endothelial Ang-1 immunostaining was observed in all brain vessels ( Fig. 2A) , whereas only mild Ang-2 immunoreactivity was present in endothelium and perivascular cells of occasional vessels. Areas with vessels having no BBB characteristics such as the choroid plexuses, median eminence, and area postrema, also showed vessels with endothelial Ang-1 but not Ang-2 immunoreactivity (Fig. 2B) . Choroid plexus epithelium, however, showed granular immunostaining for both Ang-1 and Ang-2, and both these proteins were also localized in the luminal plasma membrane and cilia of the ependymal cells lining the third and fourth ventricles (Fig. 2, B and C). The cilia of ependyma lining the roof of the fourth ventricle showed particularly high Ang-2 immunoreactivity. Both antibodies used to obtain Ang-2 immunostaining gave similar results.
Endothelial Tie-2 protein was present in all intracerebral vessels including the vessels of the choroid plexuses. In addition Tie-2 immunoreactivity was also present in the luminal plasma membrane of choroid plexus epithelium and ependymal cells including the cilia of the latter cells.
Cold-Injured Rats. Cerebral vessels: At 6 hours, endothelial Ang-1 and Tie-2 immunostaining was decreased in lesion vessels (Fig. 2D) . At Day 2, there was moderate endothelial Ang-1 immunoreactivity in lesion and peri-lesion vessels, whereas endothelial Ang-2 immunostaining was still only mildly detectable. At Day 3, moderate endothelial Ang-1 immunoreactivity persisted in lesion vessels, whereas endothelial Ang-2 immunoreactivity was significantly more prevalent compared with Day 2 after injury (Fig. 2, E and F) . During the peak of vascular remodeling at Day 4, lesion and overlying pial vessels showed marked endothelial Ang-1 and Ang-2 immunoreactivity (Fig. 2, G and H) . During the later remodeling phase at Day 6, most of the neovessels showed endothelial Ang-1 and only occasional vessels showed endothelial Ang-2 (Fig. 2 , J and K).
Quantitative morphometry was performed to determine the number of vessels showing Ang-1 and Ang-2 immunoreactivity at Days 2 and 4. At Day 2, the number of lesion vessels showing endothelial Ang-1 immunoreactivity was significantly decreased (52 Ϯ 2%; p Ͻ 0.001) as compared with the vessels of control rats (99 Ϯ 0.2%), of which showed endothelial Ang-1 (Fig. 3) . At Day 4, the percentage of Ang-1
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Figure 1.
A representative RT-PCR analysis shows angiopoietin-1 (Ang-1) (570 bp), angiopoietin-2 (Ang-2) (450 bp), Tie-2 (319 bp), and glyceraldehyde-3-phosphate dehydrogenase (343 bp) mRNA expression in the cortex of control and cold-injured rats at 6 hours and at 2, 4, and 6 days after injury (A). For each rat, samples were taken from the lesion area (L), the corresponding area of the contralateral cortex (C), and the peri-lesion area (P). Basal expression of Ang-1, Ang-2, and Tie-2 is observed in the cerebral cortex of control rats. Progressive increase in Ang-1 mRNA signal intensity is observed during the 6-day period of observation, compared with control levels. The Ang-2 mRNA signal intensity is increased as early as 6 hours after injury compared with control levels, and then a progressive decrease is observed. Graphical representations of Ang-1 (B) and Ang-2 (C) mRNA after cortical cold injury are shown. Ang-1 mRNA is not significantly different from control values at 6 hours and Day 2 after injury. However, at Days 4 and 6, Ang-1 mRNA is increased 2.8 Ϯ 0.7-fold (p Ͻ 0.01) and 3.5 Ϯ 0.8-fold (p Ͻ 0.001), respectively, compared with control brains. Ang-2 mRNA shows a 7.0 Ϯ 2.4-fold up-regulation as early as 6 hours after injury (pϽ0.005) and a 6.1 Ϯ 3.3-fold increase at Day 2 after injury. At Days 4 and 6 after injury, Ang-2 mRNA levels are not significantly different from control levels. A significant inverse relationship between Ang-1 and Ang-2 mRNA levels during 6 hours to 6 days after injury is implied by their Pearson's correlation coefficient of Ϫ0.871. Statistical significance is denoted by asterisks: *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.005, ****p Ͻ 0.001. n ϭ 20 for control rats and n ϭ 5 for each time point. Bars represent mean relative normalized optical density multiplied by area Ϯ SE. immunoreactive vessels increased to 87 Ϯ 5%, which is not significantly different from control levels but is significantly increased compared with the number of positive vessels at Day 2 after injury (p Ͻ 0.001). Endothelial Ang-2 immunoreactivity at Day 2 was observed in 19 Ϯ 3% of lesion vessels, which is a significant increase compared with immunoreactivity in 0.5 Ϯ 0.2% of vessels of control rats (p Ͻ 0.01). At Day 4 after injury, endothelial Ang-2 immunoreactivity increased to 89 Ϯ 4% of lesion vessels; this is significantly higher (p Ͻ 0.001) compared with vessels of control rats and those of rats killed at Day 2 after injury (Fig. 3) .
Angiopoietins After Brain
Endothelial Tie-2 immunostaining in lesion vessels at the margins of the necrotic area did not differ from those in the surrounding cortex ( Fig. 2G) . At 6 hours, vessels in the central necrotic area failed to show Tie-2 immunostaining. There was a progressive increase in the number of neovessels showing endothelial Tie-2 protein from Day 3 onward. At Day 6, Tie-2 immunoreactivity was present in all neovessels.
Inflammatory cells: Polymorphonuclear leukocytes infiltrating into the lesion area at 6 hours showed cytoplasmic Ang-1 and Ang-2 immunoreactivity. At Day 2, 78 Ϯ 1% of PMNs showed marked cytoplasmic Ang-1 immunoreactivity, whereas 84 Ϯ 1% showed marked Ang-2 immunoreactivity. At this time period, fewer macrophages were present and 46 Ϯ 10% of macrophages showed cytoplasmic Ang-1, whereas 30 Ϯ 3% showed cytoplasmic Ang-2. At Days 3 and 4, cytoplasmic immunoreactivity in PMNs and macrophages was marked (Fig. 2 , H and I). At Day 4, 77 Ϯ 10% of PMNs showed Ang-1 immunoreactivity and almost the same number showed Ang-2 (76 Ϯ 10%). The number of macrophages was increased as compared with Day 2, and 76 Ϯ 7% of macrophages showed cytoplasmic Ang-1, whereas 83.0 Ϯ 5% showed Ang-2 immunoreactivity. At Day 6, Ang-1 and Ang-2 immunoreactivity in macrophages was similar to Day 4 (Fig. 2K) .
Colocalization of Ang-1 and Ang-2
Confocal microscopy showed a strong signal for Ang-1 in endothelium of vessels of control rats, which overshadowed the weak signal produced by Ang-2 protein (Fig. 4 , A and B). Normal choroid plexus vessels also showed a strong Ang-1 signal, whereas choroid plexus epithelium showed colocalization of Ang-1 and Ang-2 (Fig. 4C) .
Inflammatory cells within the lesion including both PMNs and macrophages showed cytoplasmic colocalization of Ang-1 and Ang-2 proteins (Fig. 4 , D to F). Astrocytes in the immediate peri-lesional area also showed colocalization of Ang-1 and Ang-2 (Fig. 4G ). Serial sections showed colocalization of Ang-1 and Ang-2 in the same pial and intracerebral vessels at Days 3 and 4 ( Fig. 2 , E to H). This was further supported by confocal microscopy, which demonstrated colocalization of both Ang-1 and Ang-2 in endothelium of lesion vessels at Day 4 (Fig. 4H ).
BBB Breakdown and Ang Localization
BBB breakdown at the lesion site was detected by immunostaining for fibronectin. Control rats showed fibronectin immunoreactivity in the serum proteins present in the lumina of occasional poorly perfused vessels, in the adventitia of pial vessels, and in the pia-arachnoid membrane. The time course of BBB breakdown in cold-injured rats was similar to our previous observations (Nag, 1996 (Nag, , 2002 Nag et al, 2002 ). An immediate phase of BBB breakdown of lesion vessels occurred, and at 6 hours diffuse fibronectin immunoreactivity was present at the lesion site and in continuity in the underlying white matter and that of the contralateral hemisphere. A more delayed phase of BBB breakdown involved both le- Graph showing the number of vessels with endothelial Ang-1 and Ang-2 immunoreactivity in cortex of control rats and in the cold-injury site at Days 2 and 4. Most of the vessels in the cortex of control rats showed endothelial Ang-1 (99 Ϯ 0.2%), whereas endothelial Ang-2 is present in only occasional vessels (0.5 Ϯ 0.2%). At Day 2, the number of vessels showing endothelial Ang-1 has decreased to 52 Ϯ 2% (*p Ͻ 0.001), whereas those showing Ang-2 have increased to 19 Ϯ 3% ( †p Ͻ 0.01). At Day 4, vessels showing endothelial Ang-1 have increased to 88 Ϯ 5%, whereas those showing Ang-2 are still significantly elevated (89 Ϯ 4%), as compared with Ang-2 in normal cortex ( † †p Ͻ 0.001). The bars represent mean percentage of immunoreactive vessels in three high-power fields (0.233 mm 2 ). n ϭ 5 in each group.
Figure 2.
Endothelial Ang-1 immunoreactivity is present in all vessels of the cerebral cortex (A) and in choroid plexus vessels (B). B, Punctate Ang-1 immunoreactivity is also present in choroid plexus epithelial cells. C, The luminal plasma membrane of ependymal cells and their cilia show Ang-1 immunoreactivity, which is also present in endothelium of periventricular vessels. D, Cold-injury site showing decreased endothelial Ang-1 immunoreactivity (arrowheads) at 6 hours after injury. E and F, At Day 3, serial sections show colocalization of Ang-1 (E) and Ang-2 (F) in the endothelium of intracerebral vessels (large arrowheads). Macrophages show cytoplasmic immunoreactivity for both Ang-1 and Ang-2 (small arrowheads). Dystrophic calcification is present along the left hand border of the photomicrograph, which accounts for the nonspecific brown staining between the inflammatory cells. G, No alteration was observed in the endothelial Tie-2 immunoreactivity in the peri-lesional area of cold-injured rats as compared with control rats. H and I, Colocalization of Ang-1 (H) and Ang-2 (I) in endothelium of pial and intracerebral arterioles was also present at Day 4 (large arrowheads). Note persistence of cytoplasmic Ang-1 and Ang-2 immunoreactivity in macrophages (small arrowheads). At Day 6, most of the neovessels showed endothelial Ang-1 (J, arrowheads) and few showed mild Ang-2 (K, arrowhead) immunoreactivity. Marked Ang-2 immunoreactivity was still evident in the macrophages present. A to K, ϫ600. sion and peri-lesion vessels, and this was prominent between Days 2 and 4 (Fig. 4I) . At Day 4, protein extravasation was localized to the lesion site and marked fibronectin staining was present at the periphery of the newly formed endothelial cells at the lesion site (Fig. 4J) . Fibronectin immunoreactivity showed a progressive decline and at Day 6, four of five rats showed protein localizations that were similar to controls, whereas one rat showed mild fibronectin immunoreactivity in a focal area at the margin of the lesion and normal brain. Dual staining for Ang-1 or Ang-2 and fibronectin showed that vessels with BBB breakdown at Days 2 and 4 failed to show endothelial Ang-1 or Ang-2 (Fig.  4, I and J). Nonpermeable pial and intracerebral lesion vessels did show endothelial Ang-2 at Days 2 and 4 (Fig. 4K) .
Discussion
This study demonstrates endothelial Ang-1 and Tie-2 proteins in all cerebral vessels of normal brain including those of the choroid plexuses, whereas both these proteins and Ang-2 were present in choroid plexus epithelium and in ependymal cells. In contrast, in the early phase after injury during the known period of BBB breakdown, increased Ang-2 mRNA and protein and decreased endothelial Ang-1 and Tie-2 proteins were observed. Two to 6 days after injury, the progressive increase in Ang-1 mRNA and protein and the decrease in Ang-2 coincided with cerebrovascular angiogenesis.
Ang-1, Ang-2, and Tie-2 mRNA Expression in Normal Brain
Basal Ang-1 and Ang-2 mRNA expression in normal rat cortex was detected using RT-PCR, with the Ang-1 signal being more prominent than the Ang-2 signal. Because both reactions were performed for the same number of cycles, and assuming that the sensitivities of the probes for their targets are similar, Ang-1 mRNA expression exceeded Ang-2 mRNA expression in normal brain. Similar findings were observed in normal brain vessels by other authors using RT-PCR (Hashimoto et al, 2001; Mandriota et al, 2000) . Studies using in situ hybridization provide conflicting data about Ang-1 mRNA localization in the brain. Ang-1 and Ang-2 mRNA were localized in neurons, whereas Ang-1 was also observed in vessels (Stratmann et al, 1998) . Subsequent studies reported only Ang-1 mRNA in glia and cerebellar Purkinje cells (Beck et al, 2000; Hashimoto et al, 2001) but not in blood vessels, whereas another study failed to demonstrate Ang-1 or Ang-2 mRNA in normal brain (Zagzag et al, 1999) . These inconsistent results may be a result of technical difficulties such as fixation techniques and probe sensitivity. In this study, RT-PCR was chosen instead of in situ hybridization because the former is associated with less technical variability.
Cellular localization of Ang-1 and Ang-2 proteins in normal rat brain performed by immunohistochemistry showed marked endothelial Ang-1 immunoreactivity in brain vessels, whereas only mild Ang-2 immunoreactivity was detectable in occasional vessels. These Ang-1 findings differ from a recent study of human brain, which shows Ang-1 protein in few neurons and only mild immunoreactivity in vessels of controls (Audero et al, 2001) . This is probably a result of the fact that the antibody dilution used in this study was twice that used in the present study because tumors, which were being studied, have a much higher signal for angiopoietins than normal brain.
The presence of angiopoietins in normal cerebral vessels has important implications for cerebral homeostasis. Ang-1 is known to increase expression of endothelial junctional proteins and alter their phosphorylation in in vitro studies of noncerebral endothelium (Gamble et al, 2000) and to promote association of the vascular endothelium with perivascular cells in the peripheral vasculature (Audero et al, 2001; Patan, 1998; Suri et al, 1996) . Therefore, constitutive Ang-1 expression in normal cerebral endothelium may maintain endothelial tight junctions, thus maintaining BBB integrity. However, Ang-1 is also present in vessels of certain brain regions where vessels do not have BBB characteristics, such as the area postrema and the choroid plexuses. In addition, granular Ang-1 and Ang-2 immunoreactivity was also observed in the choroid plexus epithelium, whereas the Tie-2 receptor was localized to the luminal plasma membrane of epithelium. Ang-1, Ang-2, and Tie-2 proteins were also localized at the luminal plasma membrane and adjacent cilia of ependymal cells. Choroid plexus epithelium and ependymal cells are involved in production of cerebrospinal fluid and fluid permeability, respectively; hence it is possible that angiopoietins Confocal image of cortex of a control rat showing mild endothelial Ang-2 signal (A), which is overshadowed by the strong Ang-1 signal when the red and green channels are merged (B). C, Merged confocal image showing strong endothelial Ang-1 signal in choroid plexus vessels. The choroidal epithelial cells show yellow punctate immunoreactivity indicating colocalization of Ang-1 and Ang-2. D, At 6 hours, cytoplasmic colocalization of Ang-1 and Ang-2 (yellow) is also present in polymorphonuclear leukocytes around a pial vein, which shows endothelial Ang-1 and minimal Ang-2 in the red channel (E). At Day 4, perivascular macrophages (F) show cytoplasmic colocalization of Ang-1 and Ang-2 (yellow). The vessel endothelium shows focal Ang-1 immunoreactivity. The corresponding red channel show Ang-2 localization in these macrophages (F, inset) regulate the function of these cell types in steady states by an autocrine mechanism. To our knowledge, this is the first report of angiopoietin localization in the choroid plexuses and the ependyma.
Ang-1 and Ang-2 Expression During Cerebral Angiogenesis
Ang-1 and Ang-2 expression within the lesion was inversely related during the 6-day period after injury. The relative decrease in Ang-1 compared with Ang-2 mRNA at 6 hours after injury may have a role in the initial steps of vascular remodeling and angiogenesis, namely breakdown of the preexisting endothelial junctions. Also, because Ang-1 promotes endothelial cell survival (Hayes et al, 1999; Kwak et al, 1999; Papapetropoulos et al, 2000) , and Ang-2 has been observed just before the onset of vascular apoptosis (Cohen et al, 2001; Zagzag et al, 2000) , the significant decrease in Ang-1 relative to Ang-2 mRNA at 6 hours after injury compared with normal levels may induce regression of the intrinsic lesion vessels.
The abrupt up-regulation of Ang-2 mRNA during non-neoplastic cerebral angiogenesis has been described previously in human arteriovenous malformations (Hashimoto et al, 2001) , after systemic hypoxia in rat brain (Mandriota et al, 2000) , and in infarcts produced by middle cerebral artery occlusion in the rat (Beck et al, 2000) . Unlike the present study, Ang-1 mRNA levels in these models were similar or only slightly increased compared with control brains. This difference could be a result of the particular phase after injury when Ang-1 mRNA was assessed. Although Ang-2 protein localization was mild in vessels at Day 2, the marked Ang-2 immunoreactivity in inflammatory cells could account for the early surge in Ang-2 mRNA observed using RT-PCR. The progressive relative increase in Ang-1 compared with Ang-2 mRNA and protein from 2 to 6 days after injury may play a role in later stages of angiogenesis and vascular remodeling after cortical cold injury, namely maturation of the newly formed vessels by association of cerebral endothelium with periendothelial cells such as pericytes and astrocytes.
Vascular endothelial growth factor-A (VEGF-A) expression at the mRNA and protein level also increases after a cortical cold injury (Nag et al, 1997 . Angiopoietins and VEGF are known to interact during pathologic angiogenesis (Peters, 1998) , and they are both indispensable for this process (Siemeister et al, 1999) . Furthermore, concurrent up-regulation of angiopoietins and VEGF occurs during both neoplastic (Ding et al, 2001 ) and non-neoplastic (Mandriota et al, 2000) cerebral angiogenesis. Therefore, the concurrent increase in VEGF and angiopoietins facilitates cerebrovascular angiogenesis in this model as well.
Ang-1 and Ang-2 Protein in Inflammatory Cells
This is the first report of cytoplasmic localization of Ang-1 and Ang-2 proteins in PMNs and macrophages after brain injury. This cytoplasmic localization is not a result of the high myeloperoxidase content of leukocytes because cytoplasmic Ang-1 and Ang-2 and colocalization of these proteins in inflammatory cells was observed by immunofluorescence as well. Ang-1 and Ang-2 immunoreactivity was previously reported outside the brain in macrophage-like mesenchymal cells during the angiogenesis occurring in human pyogenic granuloma (Yuan et al, 2000) .
Inflammatory cells are known to play a key role in angiogenesis after injury. Activated macrophages are known to influence each phase of the angiogenic process, by producing alterations of the local extracellular matrix and by inducing endothelial cell migration or proliferation and inhibition of vascular growth leading to the formation of differentiated capillaries (Polverini et al, 1977; Sunderkotter et al, 1994) . Our previous studies have shown increased expression of VEGF-A and -B in inflammatory cells in the same time frame as the present study (Nag et al, 1997 . Hence a beneficial effect of inflammatory cells after injury is that they are a source of multiple angiogenic growth factors. Because angiopoietins are known to alter phosphorylation of endothelial junctional proteins of noncerebral endothelium (Gamble et al, 2000) , expression of angiopoietins by macrophages may be involved in tight junctional remodeling after cold injury. Macrophage-mediated tight junctional modulation is critical in the process of diapedesis (Edens and Parkos, 2000) , and this process may be partly mediated by Ang-2. This hypothesis is supported by the observation that Ang-1 inhibits TNF-␣-stimulated leukocyte transmigration, and thus acts as an anti-inflammatory agent in noncerebral endothelial cells (Gamble et al, 2000) .
Both Ang-1 and Ang-2 protein were also localized in peri-lesion astrocytes at Day 4. Although Ang-1 mRNA has been localized in neoplastic astrocytes (Stratmann et al, 1998; Zagzag et al, 1999) and Ang-2 mRNA in peri-infarct astrocytes by in situ hybridization, there are no previous reports of localization of Ang-1 or 2 proteins in nonneoplastic astrocytes.
Endothelial Ang-1 and Ang-2 during BBB Breakdown
The time course of BBB breakdown was similar to previous observations, with fibronectin extravasation being present at 6 hours and Days 2 to 4 after injury and decreasing thereafter (Nag et al, 1997 (Nag et al, , 2001 . Although Ang-1 mRNA was not significantly altered at 6 hours and Day 2 after injury, loss of endothelial Ang-1 protein was observed as early as 6 hours and the number of Ang-1 immunoreactive vessels decreased from 99% in controls to 52% at Day 2. The time course of this reduction coincided with maximum BBB breakdown. Although decreased Ang-1 mRNA has been associated with BBB breakdown (Zhang et al, 2002b) , this study provides definitive evidence that vessels demonstrating BBB breakdown show loss of or reduced endothelial Ang-1 and Tie-2 proteins. The importance of Ang-1 in maintaining the structural and permeability properties of normal vessels has been discussed previously. Therefore, the Nourhaghighi et al relative decrease in Ang-1 to Ang-2 mRNA and Ang-1 protein in the early phase after cold injury contributes to disruption of endothelial tight junctions and dissociation of periendothelial supporting cells from endothelium, leading to vascular destabilization and BBB breakdown. This phase of BBB breakdown promotes angiogenesis and repair because the extravasated proteins form a matrix, which facilitates endothelial migration. Although vessels leaking protein did not show endothelial Ang-2, there was an increase in both Ang-2 mRNA and protein at the lesion site at 6 hours and Day 2, suggesting that Ang-2 may be involved in BBB breakdown; however, further studies are required to prove this hypothesis.
VEGF-A has also been implicated in the BBB breakdown occurring after cortical cold injury (Nag et al, 1997 . One of the mechanisms by which VEGF induces vascular permeability is targeting of endothelial junctional proteins (Antonetti et al, 1999; Kevil et al, 1998) . Because Ang-1 modulates phosphorylation of endothelial junctional proteins (Gamble et al, 2000) , a decrease in Ang-1 or an increase in Ang-2 in the early phase after injury may allow for the permeabilityinducing actions of VEGF. This hypothesis is supported by the observation that Ang-1 overexpression inhibits the permeability-inducing effect of VEGF (Thurston et al, 1999) . Also, mouse cornea neovascularization assays have shown that VEGF-induced neovasculature is not associated with periendothelial cells, whereas abundant periendothelial cells are observed in neovasculature that is coinduced with both Ang-1 and VEGF (Asahara et al, 1998) .
The relative increase in Ang-1 mRNA and protein compared with Ang-2 at 4 and 6 days after injury coincides with BBB restoration. Assuming that Ang-1 has a similar function in cerebral vessels as in peripheral vessels, the increase in Ang-1 in later phases after injury may promote association of newly formed vessels with periendothelial pericytes and astrocytes, and therefore lead to restoration of the BBB. Furthermore, because Ang-2 activates Tie-2 at high concentrations (Kim et al, 2000) and after prolonged exposure (Teichert-Kuliszewska et al, 2001 ), Ang-2 in later phases after injury may have an agonistic effect on Tie-2 and hence may promote BBB restoration.
In conclusion this study demonstrates altered expression of Ang-1 and Ang-2 during BBB breakdown and cerebral angiogenesis and demonstrates that Ang-1 is an important factor in maintaining normal homeostasis in the brain. Lack of Ang-1 and increased VEGF are important factors in the pathogenesis of BBB breakdown and subsequent vasogenic edema formation after brain injury. Thus Ang-1 therapy may have therapeutic potential in reducing BBB breakdown and the ensuing edema after massive brain injury. In this context it is interesting that a recent study reports reduction in BBB leakage to Evans blue and a reduction in infarct volume in mice injected with a recombinant adenovirus expressing Ang-1 before middle cerebral artery (MCA) occlusion (Zhang et al, 2002a ).
Materials and Methods
Cortical Cold Injury
Cold injury was produced in male Wistar rats (180 to 200 gm) as described previously (Nag et al, 2001 ). Rats were anesthetized by inhalation of methoxyflurane (Metophane; Janssen Pharmaceutica, Titusville, New Jersey). A craniotomy was performed in the left parietal bone midway between the lambdoid and coronal sutures using a dental drill with a 2.3-mm bit (Horico, Berlin, Germany). The cold probe, consisting of a 20-ml syringe with a blunt copper wire tip, was filled with liquid nitrogen and applied to the craniotomy site for 45 seconds. The incision was sutured, and buprenorphine hydrochloride (Buprenex, 0.033 ml per 100 gm body weight; Reckitt & Colman Pharmaceuticals Inc., Hull, England) was injected ip for analgesia. This protocol was in accordance with the guidelines set by the Canadian Council on Animal Care and was further approved by the local animal care committee.
RT-PCR
Rats were decapitated in groups of five, together with five controls, at 6 hours and at 2, 4, and 6 days after injury. Cortical samples weighing about 20 mg were obtained from the lesion and peri-lesion areas and the corresponding area of the contralateral hemisphere. Samples were flash-frozen in liquid nitrogen and stored at Ϫ80°C.
RNA extraction was performed using the RNeasy Kit (QIAGEN, Mississauga, Ontario, Canada) according to the provided protocol. Absorbance of RNA was measured at 260 and 280 nm using a SpectraMax-250 spectrophotometer and the SOFTmax-Pro computer software (Global Medical Instrumentation Inc., Clearwater, Minnesota). RNA concentration and purity were estimated as follows: [RNA] ϭ OD 260 ϫ (dilution factor) ϫ 40, purity ϭ OD 260 /OD 280 .
Reverse-transcription was performed in 40 l of reaction volume containing 2 g of sample RNA, 0.450 g random primers (GibcoBRL, Burlington, Ontario, Canada), 200 M deoxynucleotide triphosphate mixture, 400 U of Moloney murine leukemia virus reverse transcriptase (GibcoBRL), 1 mM dithiothreitol, and 22640 U of RNAguard RNase inhibitor (Amersham Pharmacia Biotechnology, Piscataway, New Jersey).
PCR amplification was performed in 50 l total volume, containing 2 to 10 l of reverse transcription product, 200 M deoxynucleotide triphosphate mixture, 50 pmol of each primer (Amersham Pharmacia Biotechnology), and 2.5 U of Taq polymerase (Amersham Pharmacia Biotechnology). The sequence of primers was as follows: Ang-1, sense 5'-CACGACAGACCAGTAC AACACAAACG-3' and antisense 5'-GACGACTGTTG TTGGTGGTAGCTCT-3'; Ang-2, partially degenerate primers, sense 5'-GT(GT)GA ( AAGC-3'; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), sense 5'-CTCTAAGGCTGTGGCA AGGTCAT-3' and antisense 5'-GAGATCCACCAC CCTGTTGCTGTA-3'. Amplification cycles were 30 for Ang-1, Ang-2, and Tie-2, and 25 for GAPDH. The sizes of the PCR products were 570 bp, 450 bp, 322 bp, and 343 bp for Ang-1, Ang-2, Tie-2, and GAPDH, respectively. The amplified cDNA segments were run on 2% agarose gels containing 4% ethidium bromide. Signals were visualized using a gel scanning system (Bio-Rad Laboratories, Hercules, California).
Immunohistochemistry
Rats were killed in groups of five, together with five controls, at 6 hours and at 2, 3, 4, and 6 days after injury. Rats were anesthetized with Metophane and perfused with 3% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3) at a pressure of 110 mmHg, by a cannula in the ascending aorta. A coronal slab of brain containing the cold-injury site was processed for paraffin sectioning using standard techniques. Sections (6 m) were stained with hematoxylin and eosin for histologic analysis, and adjacent sections were used for immunohistochemistry.
The indirect streptavidin-biotin peroxidase method was used, and paraffin sections were pretreated with 0.5% pepsin in 0.01 M HCl for 30 minutes at 37°C before overnight incubation in primary antibody at 4°C. Dilutions of the antibodies used were as follows: polyclonal goat Ang-1 and Ang-2 (Santa Cruz Biotechnology, Santa Cruz, California), 1:100; polyclonal rabbit Tie-2 (Santa Cruz Biotechnology), 1:575; and fibronectin (Gibco BRL), 1:400. Anti-Ang-2 antibodies directed against both the carboxy-terminus (C-19) and the amino terminus (F-18) of the Ang-2 protein were used. Diaminobenzidine was used as a substrate for these reactions.
Dual labeling was also performed in brains of control rats and cold-injured rats at 6 hours and at 2 and 4 days after injury for (1) Ang-1 and Ang-2, (2) Ang-1 and fibronectin, and (3) Ang-2 and fibronectin. Details of the dual method have been described previously . Stretpavidin-Alexa Fluor 488 (Molecular Probes Inc., Eugene, Oregon) and goat antirabbit-Cy 3 (Jackson Immunoresearch Laboratories Inc., West Grove, Pennsylvania) were used as link antibodies and emitted a green and red fluorescence, respectively. Sections were analyzed using a Nikon Optiphot microscope and a MRC 600 confocal laserscanning microscope (Bio-Rad Laboratories Canada Ltd., Mississauga, Canada). Images were merged using Adobe Photoshop 7.0 software.
Negative controls included omission of primary antibody, neutralization of the primary antibody with blocking peptides, and use of nonimmune serum. Positive controls used were the lung for Ang-1, the prostate for Ang-2, and the ovary for both Ang-1 and Ang-2. 
Quantitative Morphometry
The total number of cross-sectional profiles of vessels, macrophages, and PMNs within the lesion and those containing Ang-1 and Ang-2 were counted at Days 2 and 4. Counts were done three times in three high-power fields of 0.283 mm 2 using a Leitz Orthoplan microscope (Wetzlar, Germany) fitted with a ϫ40 objective. Results were expressed as the percentage of immunostained vessels, PMNs, and macrophages.
Statistical Analysis
ANOVA with Tukey's post-hoc test (SYSTAT 9; SPSS Science Inc., Chicago, Illinois) was used to determine the significance between the means of control and test groups. Differences were considered significant at a value of p Ͻ 0.05. Pearson's correlation test was used to correlate changes in Ang-1 and Ang-2 mRNA expression during 6 hours to 6 days after injury.
